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A new design of a non-magnetic high-pressure anvil cell for nuclear magnetic resonance (NMR) ex-
periments at Giga-Pascal pressures is presented, which uses a micro-coil inside the pressurized region
for high-sensitivity NMR. The comparably small cell has a length of 22 mm and a diameter of 18 mm,
so it can be used with most NMR magnets. The performance of the cell is demonstrated with external-
force vs. internal-pressure experiments, and the cell is shown to perform well at pressures up to 23.5
GPa using 800 μm 6H-SiC large cone Boehler-type anvils. 1H, 23Na, 27Al, 69Ga, and 71Ga NMR test
measurements are presented, which show a resolution of better than 4.5 ppm, and an almost maximum
possible signal-to-noise ratio. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870798]
I. INTRODUCTION
Since the density of bond energy in solids is rather
high,1, 2 pressures well into the Giga-Pascal (GPa) range are
needed to study changes in bonding, or the electronic prop-
erties of modern materials. Therefore, high hydrostatic pres-
sures accessible only with diamond or moissanite anvil cells
are of great interest in solid state physics.
Many experimental methods are available for high-
pressure studies, but nuclear magnetic resonance (NMR)
spectroscopy is inherently difficult to perform with anvil cells
due to the small sample size and a low filling factor of the
resonating radio frequency (RF) coil, yielding signals often
below the thermal noise. Early approaches that used single-
turn,3, 4 or split-pair coils outside the high pressure regions
at the anvil flanks,5 suffered from a low signal-to-noise ra-
tio (SNR), rendering a broader application of such cells with
NMR almost impossible.
Recently, a new approach to GPa NMR was introduced,6
demonstrating the possibility of NMR in anvil cells using a
multi-turn resonating RF micro-coil inside the sample cav-
ity, which increased the coil’s filling factor by several or-
ders of magnitude. First experiments7, 8 showed how pow-
erful NMR at such pressures can be, and that this set-up
could even be used with low-gamma nuclei at pressures rou-
tinely above 8 GPa. These first applications were based on an
anvil cell design of the Cavendish Laboratory at Cambridge
University, a design widely used for de Haas-van Alphen
measurements.9
Meanwhile, we have designed, tested, and performed ex-
periments with various new homebuilt anvil cells. Herein,
we introduce one of our new designs which we label “LAC-
TM1,” a miniature anvil cell produced in Leipzig, see Fig. 1.
The main component of the chassis is Titanium-64 grade 23
(titanium alloyed with 6 wt.% aluminum and 4 wt.% vana-
dium with an extra low interstitial level), a non-magnetic ti-
tanium alloy known for its high mechanical strength and low
thermal expansion coefficient,10 as well as its low magnetic
susceptibility.11
Typical materials for high pressure anvil cells are steel
or inconel alloys.12, 13 Despite their extraordinarily high me-
chanical strengths those alloys are strongly ferromagnetic,
and thus cannot be employed for sensitive measurements
of nuclear or even electronic magnetic moments, e.g., in
SQUID or NMR experiments. An established alternative
is hardened beryllium copper (Cu-Be alloy 25 from Mate-
rion Brush), which is known for its excellent mechanical
strength as well as its non-magnetic character, see Table I.
However, at cryogenic temperatures this alloy may cause
changes in the dimensions of the cell components by sev-
eral micrometers. This decreases work stability due to pos-
sible pressure leakage, or in the worst case leading to total
material failure due to the relatively high thermal expansion
coefficient.
It is known that moissanite anvils provide a cost effec-
tive alternative to those made from diamond up to pressures
of about 60 GPa.14–16 The anvils we use with our LAC-TM1
are of “Boehler-type” geometry.17 Such anvils are cut with
a conical table area (despite the more commonly used so
called “Drukker-type” anvils18 which are cut with a flat ta-
ble area) and were manufactured by Charles and Colvard
Inc. To maximize working stability, the anvils are designed
with a bigger conical table area compared to the normally
used Boehler-type anvils for optical or X-ray measurements
where big apertures are mandatory, leading to overall anvil
dimensions of 4 mm girdle diameter, 3.4 mm total height,
and 1.8 mm cone height. The table area for this particular
anvil geometry is about twice the area of Drukker-type anvils
with the same girdle diameter, leading to twice the maximum
applicable force before failure in the anvils or the titanium
seats is anticipated. The anvils’ culet faces are beveled to
15◦ to ensure a safe feed-through of the electrical leads as
well as a homogeneous pressure distribution along the culet
face.19
We will demonstrate that our Boehler-type anvil design
with our LAC-TM1 is capable of reaching high pressures
without material failure, and we will show with 1H, 23Na,
27Al, 69Ga, and 71Ga NMR test measurements that a mag-
netic field homogeneity of better than 4.5 ppm and an al-
most maximum signal-to-noise ratio can be achieved with
these cells. This makes them an excellent tool for the study
of condensed matter problems with most commercial NMR
spectrometers.
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FIG. 1. The LAC-TM1 design: (left) photograph, at the bottom is a mil-
limeter scale; (right) cut-away cross-sectional drawing. Due to its straight-
forward build, the main focus was on minimising the cell dimensions, lead-
ing to overall dimensions of 22 mm in height and 18 mm in diameter. La-
belling: (a) hot wire, (b) grounding wire, (c) Ti screws, (d) piston, (e) brass
guide pins, (f) Be-Cu gasket, (g) RF micro-coil, (h) 6H-SiC anvils, and (i) x-y
alignment.
II. EXPERIMENTAL
The hardened beryllium copper gaskets of an initial
thickness of 500 μm were pre-indented to 100 μm and 125
μm using large-cone 6H-SiC anvils (800 μm and 1000 μm
culet diameter). Finely crushed ruby powder in the sample
cavity served as pressure sensors using the pressure depen-
dence of the ruby sharp-line luminescence,20 which was ob-
served via a commercially available optical spectrometer sys-
tem. Liquid paraffin oil was inserted to ensure hydrostatic
conditions at pressures up to 8 GPa.21, 22
In order to monitor the overall working stability of the
LAC-TM1, the pressure evolution of the ruby luminescence
was monitored. The applied forces were controlled using
a hydraulic press equipped with a manometer. The inter-
nal pressures were calculated using the two Lorentzian peak
approach23 of the ruby sharp line luminescence.
All NMR experiments used micro-coils (solenoids)
wound (4–6 turns) from 18 μm insulated copper wire (plus
a 5 μm polyurethane insulation) from GoodFellow. In order
TABLE I. Summary of properties of materials (for references see text). Rm
is the yield strength, κ is the thermal conductivity, αV is the coefficient of
thermal expansion, and χ is the magnetic susceptibility; ()* denotes hardened
state values. Ti64 grade 5 is Titanium-Al6wt.%-V4wt.%, Ti64 grade 23 is
the extra-low interstitial version of grade 5 and Cu-Be is Copper-beryllium
alloy 25.
Rm κ αV χ
Material MPa Wm−1K−1 10−6 K−1 ppm
Ti64 896 6.6 9.5 ≈3grade 5 (1200)*
Ti64 862 7.3 9.5 <3grade 23 (1150)*
Cu-Be 400 105 17.5 ≈5
alloy 25 (1500)*
Steel (1200)* 16.2 9.7 >1000316/316L
FIG. 2. (Left) schematic drawing (side view) of the high-pressure NMR sam-
ple cavity. (Right) photograph (top view) of a prepared gasket with a 4-turn
copper micro-coil using a large-cone 6H-SiC anvil with a 800 μm culet.
to avoid short-circuiting of the fragile copper coil with the
Cu-Be gasket two channels were carved by a scalpel into the
gasket accommodating the coil’s leads that were glued with
an epoxy resin to the metal (this is a straightforward pro-
cedure, however, it requires substantial technical skills and
training).
Fig. 2 shows the complete set-up of the high pressure re-
gion of the anvil cell. The completely assembled anvil cells
were mounted on home-built NMR probes (with the axis of
the solenoid micro-coil perpendicular to the external mag-
netic field B0) for further tuning and matching according to
the various frequencies of the nuclei under investigation. The
experiments were performed at magnetic field strengths of B0
= 7.05 T and B0 = 11.74 T.
III. RESULTS
A. Working stability and pressure performance
Potential material failures under load are expected for
different parts of the anvil cells: (a) breakage of the moissan-
ite anvils; (b) a bursting of the titanium screws (which should
support loads of 0.5 tons each); (c) direct material ruptures of
the cell chassis.
The results of two pressure runs to investigate the acces-
sible pressure limits of our LAC-TM1 with 1 mm and a 0.8
mm culet 6H-SiC anvils are shown in Fig. 3. In the initial
loading phase at lower applied external forces, the pressure
evolution shows a parabolic behavior caused by plastic defor-
mation of the beryllium copper gaskets. Above approximately
1.2 kN and 0.75 kN for 1000 μm and a 800 μm anvils, re-
spectively, the Be-Cu gasket becomes “locked” and the 6H-
SiC anvil pressure faces progressively flatten with increasing
load.24 In this region, the pressure increases linearly under
load.25 Due to cupping of the anvil’s pressure faces when
the flattening is complete,26 the pressure in the sample cav-
ity for both large-cone moissanite anvils reached plateaus at
8.5 GPa and 23.6 GPa. In both cases, a further increase in
load resulted in considerable tension of the titanium screws
and material failure in the cell chassis, whereas the 6H-SiC
anvils, as well as their supporting plates, were found to be
undamaged.
After both pressure runs, the thickness of the pre-
indented Be-Cu gaskets was reduced from 125 μm and
100 μm to 50 μm and 35 μm, respectively. The inset of
Fig. 3 shows that the glass transition of the applied paraffin
oil occurred at pressures above 9 GPa, leading to a consider-
able loss in hydrostaticity.27
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FIG. 3. Pressure performance test of the LAC-TM1 using two large-diameter
(1.0 and 0.8 mm) culets. The applied forces were measured using a liquidus
manometer. In both cases, the pressure reached a maximum at 8.5 GPa and
23.5 GPa at external forces of 3.2 and 4.5 kN, respectively. (Inset) ruby lu-
minescence spectra from within the sample cavity. Note the loss of hydro-
staticity at about 9 GPa due to the glass transition of the pressure transmitting
paraffin oil.
B. NMR performance
By now, the LAC-TM1 has been used routinely (above 9
GPa) with various NMR experiments in our laboratory. Here,
we focus on the investigation of the resolution and sensitivity
with test measurements performed on four different materials.
Our experiments show (see below) that the field homo-
geneity across the sample region is better than 4.5 ppm in our
LAC-TM1. This result was achieved by placing the cells in
our commercial superconducting, wide-bore magnets without
employing any room-temperature shimming. Since this ho-
mogeneity is better than we demand, and certainly allows for
a large number of NMR applications, we did not investigate
this issue any further. Rather, we focussed on testing the sen-
sitivity with four different materials, which is ultimately the
limiting factor for applications.
A summary of parameters needed for measuring the
NMR performance is given in Table II. Typical spectra are
presented in Fig. 4.
FIG. 4. 71Ga NMR spectra of gallium metal at pressures up to 3.9 GPa,
recorded with pulse durations of typically 1 μs, 3.5 ms repetition delay and
103 (liquid phase) to 104 (cubic gallium-II phase) scans.
As usual, we define the signal-to-noise ratio (SNR) per
scan after a π/2-pulse by the ratio of the amplitude of the
voltage induced across the terminals of the RF coil (Uind),
and the root-mean-square (rms) thermal noise voltage (UNoise)
from the resistance of the wire of the RF coil, i.e., SNR
= Uind/Unoise. Then, Unoise =
√
4RcoilkBTf , where f is
the bandwidth, T is the temperature, kB is the Boltzmann
constant; Rcoil is the resistance of the coil at the RF28 that
sets the losses of the RF resonator (the quality factor Q
= ωL/Rcoil; L is the inductance of the coil). For a magnetiza-
tion M0 that precesses with the Larmor frequency ω0 = γ nB0
(γ n is the gyromagnetic ratio of nucleus n) in a plane that con-
tains the axis of a solenoid (Ncoil, number of turns; Acoil, ef-
fective cross-section of the solenoid) we have approximately
with filling factor η,
SNR = ηNcoilAcoilω0μ0M0√
4RcoilkBTf
. (1)
TABLE II. Summary of the parameters for SNR measurements. Next to sample (numbered according to discussion in the text) and the measured nucleus we
show: the culet diameters, the number of turns of the RF micro-coil (Ncoil), the volume of the micro-coil (Vcoil), the approximate geometrical filling factor (η),
the number of resonant nuclei N, the external magnetic field strength (B0), predicted RF amplitude B1, theo, duration of π /2 pulse (tπ /2), measured RF amplitude
(B1, exp), the expected (SNRtheo), and measured (SNRexp) signal-to-noise ratios. The quality factor (Q) was in the range of 18–25, and the RF pulse powers ranged
between 450 and 550 mW, the noise bandwidth was 1 MHz. For liquid gallium and 4:1 methanol/ethanol mixture the tπ /2 pulse duration refers to non-selective
excitations, whereas for all other cases only the central transition was excited.
Culet Vcoil N B0 B1, theo tπ/2 B1, exp
Sample Nucleus (mm) Ncoil (nl) η (1016) (T) (mT) (μs) (mT) SNRtheo. SNRexp.
27Al 36 1 23 0.2 0.12(1) Na-A 1 5 10 ≈1 1.5 7.0523Na 35 1 22.5 0.11 0.08
(2) Al metal 27Al 0.8 4 3.1 ≈0.75 14 11.74 43 0.75 30 12 8.2
(3) meth./eth. 1H 1 5 6.4 1 2.9 7.05 23 3 19.6 50.3 25.1
69Ga 2.8 57 0.75 32 1.0 0.73(4) Ga metal 0.8 4 3.1 0.5 11.7471Ga 1.8 53 0.5 38 1.2 0.56
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The macroscopic magnetisation M0 is given by Curie’s
high-temperature formula,
M0 = N
V
γ 2n ¯2In(In + 1)B0
3 kBT
, (2)
where N denotes the number of resonant nuclei in the volume
V 29, and In is the spin of nucleus n.
(1) Na-A zeolite at ambient pressure: This type of zeolite
has a mass density of about 1250 kg m−3 and a unit cell vol-
ume of 1693 ×10−30 m3.30 We estimate that about 4.5 μg of
zeolite were contained in our RF micro-coil, i.e., about 1.5
× 1016 resonant nuclei for 27Al as well as 23Na NMR.
With nutation experiments (the duration tπ /2 of the π /2
pulse was about 1.0 μs), the amplitude of the RF magnetic
field in the micro-coil was estimated to be B1 = π/(2γntπ/2)
≈ 23 mT for both nuclei. Based on the maximal stored en-
ergy (only inside the coil) and the average power loss given
by the measured quality factor (Q = 15) we estimate31 B1
= √μ0QP/2ωVcoil ≈ 35 mT (the average pulse power was
P = 480 milliwatts (mW)). The good agreement with the nu-
tation suggests that most of the RF power is indeed deliv-
ered to the RF coil. With these parameters we determine from
Eqs. (1) and (2) with a noise bandwidth of 1 MHz the signal-
to-noise ratios: SNRtheo(Na) ≈ 0.11 and SNRtheo(Al) ≈ 0.20.
Experimentally, we find SNRexp(Na) ≈ 0.08 and SNRexp(Al)
≈ 0.12. Noise figure measurements with a calibrated noise
source showed that the spectrometer contributed about 20%
of the noise. The linewidths were 13 and 9 ppm, for the Al
and Na resonances, respectively. We conclude that the cell
performs reasonably well to the specs.
(2) Aluminum metal powder at 3 GPa: Here, the RF
solenoid had a length of 100 μm and a diameter of 200 μm,
resulting in a coil volume of about 3 nl. We estimated that
about 75% of that volume was filled with aluminum pow-
der (purity 5N, 325 mesh). We found the quality factor as
well as the RF field amplitude to be almost unchanged upon
loading the micro-coil with the aluminum powder, ruby chips,
and pressure medium. We conclude that the RF penetration is
rather high, and that most nuclei contribute to the NMR sig-
nal. We expect a SNRtheo ≈ 12 at a bandwidth of 1 MHz, ex-
perimentally we found SNRexp ≈ 8. The observed linewidth of
103 ppm corresponds to previous measurements32 of metallic
aluminum powder under pressure.
(3) 4:1 methanol/ethanol mixture at 3 GPa: This very
volatile mixture has an average density of 790 kg m−3. About
2 μg were added into the 200 μm diameter micro-coil. The
measured SNRexp = 25.1 is about half the theoretical value.
The linewidth was about 1.4 kHz at 7.05 T (4.6 ppm).
(4) Liquid metallic gallium: Gallium has a mass density
of 6090 kg m−3. The filling factor of the 4-turn micro-coil was
about 50%, therefore we estimate that 10 μg of the pure liquid
gallium metal were present in the sample volume. The two ob-
servable isotopes (69Ga and 71Ga) have a nuclear spin of 3/2,
natural abundances of 60% and 40%, and gryomagnetic ratios
of 6.44 and 8.18 ×107rad T−1 s−1, respectively. The B1 field
of the micro-coil was estimated to be 57 mT for 69Ga, at an av-
erage pulse power of 500 mW and a quality factor of 24, com-
pared to a measured B1 of 32 mT. The experimentally found
SNRexp(69Ga) ≈ 0.73 and SNRexp(71Ga) ≈ 0.56 are in agree-
ment with the estimates: SNRtheo(69Ga) ≈ 1.0, SNRtheo(71Ga)
≈ 1.2. The reasonably good agreement of the expected and
measured RF field amplitudes suggests that RF penetration
effects can be neglected (Ga metal has a much smaller con-
ductance compared to Al metal). The recorded NMR spec-
tra are shown in Figure 4. As can be seen in the figure, the
Lorenztian linewidths are increasing from 4.6 ppm (at ambi-
ent pressure) up to 13 ppm (at 1.8 GPa). Above the pressure
induced liquid gallium – gallium II phase transition at 2 GPa,
the observed linewidths increase up to 80 ppm (71Ga) and 66
ppm (69Ga) at 3.9 GPa. A detailed analysis of these data will
be given elsewhere.
IV. CONCLUSIONS
We introduced a new anvil cell design (LAC-TM1) for
high pressure NMR experiments. The small cell size makes
it possible to use it with regular, but also small bore NMR
magnets (e.g., cold-bore magnets). The use of especially de-
signed large-cone Boehler anvils, as well as the non-magnetic
titanium grade 23, makes it an effective as well as cost effi-
cient alternative to the formerly used Be-Cu anvil cells. It was
demonstrated that the cell is capable of reaching pressures up
23.5 GPa for large-culet anvils of 800 μm without anvil fail-
ure. NMR test measurements revealed a magnetic inhomo-
geneity below 4.5 ppm, which is sufficient for many applica-
tions, and by about a factor of 2 better than our previously
used Be-Cu cells. In addition, a rough analysis of the signal-
to-noise ratio with various systems showed a spin sensitivity
near the expected values (similar to our previously used Be-
Cu cells). For comparison, Lee33 reports a SNR of 1 for 1H
in water at a magnetic field of 8 T, while our experiments
showed a 1H SNR that is about 25 times higher at a 7 times
smaller volume for number of resonant nuclei that is an order
of magnitude less at a magnetic field of only 7 T, and thus our
SNR is approximately two orders of magnitude higher.
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